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Abslriict

‘1’hc lcchniquc  of dckrmining  spaccclafl  angular  positio]i  I)y Ih>lto I>iffcrclitial  One-Way Ranging
(ADOR) is rlcscribcd.  ‘l”hc dcpc]dcncc of mcasurcmcllt  accuracy ON parameters which define the
spamxm ft signal spcclrunl  is shown. ‘1’o cnal)]c a ADOR mcasurcmcnl,  a space.clafl musl cmil
scvc.ral tones. A narrow 10M spacin~ is required for inlcgcr cycle phase ambi~uily  rcso]ulion,
while a wider tone spacing is required for high mcasurcmc]ll  accuracy. AN illushation  of AI)O1<
mc.asurcmd  accuracy, using the Mfirs  Observer s]~acccltift, is p~cscntcd. Ciuidclincs  for specifying
spacmrafl  km spcclra  arc prcsclllcd  based ON Iypical accuracy and aml)iguily  resolution needs, on
f]cqucmcy  allocation for deep s])acc lrackillg,  on lhc cfficiclll  usc of sjjacccrfifl  signal pmvcr,  awl on
lhc cfficicnl  usc of gtound  tracking rcsourccs.

1. introduction

Very I .ong lhsclinc  lnterfcmmctry  (V1 .111) is a tcchniquc  that allows dctcl mination  01
angular position for (iistal~t  radio sources  by measuring the gewmclric time. delay bctwccn
rcccivcd  ml io signals at two gcographica  II y scpamtcd  slat ions. ‘1’hc obscrwd  ti]nc. delay is
a function of the known baseline vector  join ins the two radio antennas and the direction to
the rmlio source.

An application of’ VI.]]] is spacecraft navigation in dc.c.p space missions where. the
measurements at two stations of the phscs of tones cmittd  from a spacecraft are
dit’fcrcncd  and compard ag:linsl similarly dil’fcrcnccd phase. mc.asurcmcnts of anguhil-ly
nearby quasar radio si~nals. ‘Ibis application of VI ,111 is known as IIc.lta  l)iffcmntial Onc-
Way ]<anginp,  (AIXIR).

As such, this technique may ncccssitatc.  intra-agency coopc.ration  hccausc stations from
dil’fcrent  agmcics can Ix used as ADOR data collectors for deep space navigation purposes,
‘1’hc NASA I)ccp Space Network (IXN) has used this tcchniquc. opmitionally  in a number
of missions including Voyager,  Mag,c.llan,  and Vcg:i. Currently, J1’1. navigation teams are
employing ADOR in the Mars Obscrvct-  and Galikm missions.

“1’his  technic:i] position paper intends to provide i[ll}>lclllellt:]ti[~ll  and pmformance  ddails  of
the. A1)OR tcchniqw  in order to support forging  CCS1)S1 standards for spacecraft VI .131,
given the increasing popularity of this method among space agyncy navigators.

2 .  ADOR nnd 0 [la Sam,

An interfcromctcr  progxscs signals recorded at two stations that arc. geographically
separated, ‘J’hc vector 11 from the first to the second station antenna is callc.fi  the baseline
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Vector. If the direction .; of an cxtrtiterrcstria]  radio source forms an angle O with the
baseline vector, then a sillglc radio frequency  (RF) source signal wavcl’rent arrive.s at the.
two ends of the base.lim with a time dill’crcncc  given :ipproximatcly  by

(1)

assuming that }1 = Ifil. ‘1’his geometric  time delay is an observable quantity with a
maximum possil~le  vall]cc[]l]:]l to earth radius/c, oro.021”  SCC, and a rdtcc>fcl]al~gc(ll]c.t(~
earth rotation upto 3.() pscc/scc.

‘J’ho advantage of very ]oJlg base] inc!s can bc shown by ciif’1’crcntiating  the above equation
wilh respect to geometric delay:

do c’-- . . . =-. — . . .
dT8 Bsin O ‘

(2)

in the above equation the longer the baseline 1), the smaller the. angular position error for a
given error in observed time delay, IEN baseline lc~]gths  arc between 8,(100 and 10,000
km,  which yield al~gular  position crmrs  of’ about 30 nanoradians  providd  that
me.asure.ment error in observed time delay is not larger than 1 nanosecond. Note,  that 30
~~ra~lc{~rrcs]>{> r~(lstc~:ll>(~llt  22kn~ plane-of-sky position accmracyat  adistancccqual  to that
ol’Jupiter from thcsun.

I;ora spacecraft, one-way range is detclmincd locally at each station by cxtracti~]gthc
phases t~ftw(~t>r ]]]t~rc  t(}l~e.s  c]~~itte.(i  by thespacecraf’t. One-way range. nlcas~]rcments
contain ~l~~k[]{>wt]l~i:lsc.s  duc to spacccrat’t  clock offset, rcccivcr clock  offset, and ground
st:ltic~rl  itlstrl]]llcl]tal  clelay.  I)iffcrcrlti:ll {lllc-w:ly  rdtlgc(I>Ol{) ]]leas~lretlle.l  ]tsarcf tJri]le(ll~y
sublractirlg the one-way ran[~e.  II]c:]sll]el]lellts ge.ncrated  at two stations. ‘J’hc station
(lifferc~lcit]g  clii~~ii~:ites  tl~ee.ffc.ct  (>ftl~e.s}>:]cecr:]ft  ck>ckof’fsd,  but 1101{ ]]]e:ls~]rc]]]cl~tsare
biased by ground  station clock ot’t’se.ts  and instrumental delays. “J’hc observed quantity in a
1101<  measurenmnt  is analogous to the intcr(cromctfic  delay which may bc measured  for a
broadband radio source. as in 1 ‘q, (1).

‘1’o gcncratc  a  AIIOR n]casurcn]cntj an intcrf’crometlic delay n]casurcmcnt  of a n
cxtra#il:ictic  r:l{licl  s~J~lrcc( (]~l;ls:ll) issubtractcd from a space.  cratl IJO1{ nwasurcmcnt.  ltach
station isconfigurc.cl  toacquirc  data from thequasarin  frequency cl];l]ltlelscelltc]ccl  on the
spacecraft tom freqmncics. ‘1 ‘his rcccivcr  con figura t ion choice ensures tha t the spaczcra  ft-
(]~lasar (liffercr)cillg  eli]~]i[~:lte.s  tile. effects () fgr()~lI](l  st:lti()]~  cl()ck[)ffsets aIlcl instrun~cnta]
delays. ]n fact more. isacco]l]})lisllc~l. lly selecting a quasar which is close in an angular
scnw  to the spacccrat’t,  and by observing the quasar at nearly the same time as the
spacccratl,  the cl’t’e.cts  of errors in the n]odc.lexl  station locations, earth orientation, find
tri]~)st]~issi()  I)]~)cclia  (lcl:]ys: lrccliI))i I)isl]e.~l.  AAl)Cll{]]~c:lst]rcl~~c]lt  (lcterl]~ir]cst  l]cal~glll:ll
position of a spacecraft in the inertial rcfcrencc frame defined by the quasars.
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Open-lmp. ‘1’he quasar data sample.s frOnl twO statiOns must be. transmitted tO a central
prm.wssing facility for delay nle.asurcnlcn[ extraction. ‘JIM DSN stations currcnt]y gcnmtc
Opem lmp  rwmrdings Of lmth quasar and spat.e.cralt si.gna  Is, t lmugh an expc.rinwntal cl Osd-
lmp  t(~ne  tracker is now being, used during space.cra t’t dxe.rvat  ic~ns f~~r re.a It i me. va 1 idat  im.
‘1’he same instrumental rcccivcr chain, to the point of signal digitization, must ix used for
I>[)ttj s}l:lcecr:lfl  allcl(jll:is:lt  (t:lt:l:lc(]llisiti(lf).

“1’hc RF signals am se.lcctivcly  d~>wncc~nvcrted  and filtered t(} gcncratc several baseband
c}lannc]s.  Nmmally,  me bascbancl  channel is centered m cac}~ spacm-aft  tmc. ‘1’hc
instantancms  channel bandwidth is typically in the range c~f a fcw hundml  kil(}llcrtzt(~  a
i’cw Mcgallertz,. ‘1’he I)SN t~peratic~nal  systcm, rwfcrrd t[~ as the Narrow Channel
llal~clwi(ltl~  (NC1l)V1.lll  Systcl~l  [l.ie.wcrl  988],  ~lse.sa  25(lkll  zcl~ar~I~clt  >:ir~(lwi(tll~.  The
analt)g  signal in each cbanncl  is digitally sampled at the Nyquist rate, and then either
rcc~>rded  (Jr input to the t(~nc tracker. lit~r I)SN data acquisition,  data samples are.
transmitted to the Nctwwk opcratic~ns  C(>n!ml Clntcr  at J]’]. fm dmrvab]c extlactim.

FOrspacccraft  dtita }>rL~ccssillF,,:  ill(i/~lifJlit(  llle}>ll:lse  mdcl isc[ltll~lllte~l,  t>;lsc(i(}~lttlc
nOnlinal measure.mcnt g,comc.try  and transmitter frequency. A search in frcque.ncy  is
cmductd tO tOcate  the actual tOnc t’rcqucncy,  and them tOne phase is extractd  using a
phase.-k>ckd  imp. ‘J’llisl>r(>ce(lLlre.  isrcpcate.d  fmcach  tmcal each statim.  IXxmtcthc
stati(~ll-diffcrerlccd  rece.ive.~l~  >ll:lse, fma spacecraft tmm witlltr:ltlslll  ittcrfrc(ll)e.llcy COi, by
~.$(wj).  'l'llcrl tllcs~>:lcccl:if  t(lel:lycJ  l>serv:ltJleisgi vclll>y

(3)

“1’hc i’rcquency  se.paratiOn  bctwccn the twO outermost I)OR toms is rcfcrrcd to as the
spannd bandwidth of tbe spacecraft signal.

obsel-vablc is given by

(4)

‘J’he ce.ntmid [~f the. rcccivcr  bandpass  ft~r channel i takes the. mle of the discrctc  frequency
Of I)oR tone i.

3. Swlccclmft  1)01/ ‘1’Onc’ stl’uct~

A spacccra ft t ra nspmdcr  must emit scvcra] tclncs (rcfmd tc} as I)OR tmm) spanning smne
t>al~clwi(ltl~  t{>cl~:it>le. a I) Ol{l~~e.:lslll(’.l~ ~e.llt.  ‘I’lwI  IOR t~~nesare generate.d by mmtulating  a
pure. sine wave, or pure square  W:IVC onto the downlink  carrier at e.ithcr S-band, X-band, or
Ka-band. l{e.(l~lirc~llcl~ts(>l~  tl]cl~l)l~~l>cr(~fl>ol<  t{~ncs,  tc~nc lrcqucncics, and t~lncp(~wcr
arc based  OJl the cxpectd  ~~ priori  knowlcdgy  ofspaceuaft  angu]ar position and on the
required diffcrcnti:i]  range
narrow spanned bandwidth

~neasuremcnt  a~curacj,  as discussed bellOw. GC!Jwl”ally,  a
is mxxlcd  fOr intece.r cycle. ambiguity rcsOlutiOn  based On f/
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priori knc~wlcdge c}f spacccrail  angular pmit i~}n, while a wide spanned bandwidth is ndcd
fm high measurement accuracy.

‘1’Ones gcncratd  by mdulatinga  carricr signa] tly a sinp,lc square wave pmvidc a 10w
pcrfmmancc  OptiOn. ‘I’l]cr:lti[l (~fl)~:lxilll~l]~~  spannd  bandwidth tO nlinimum spanmxl
l~arl~lwidtll,  fclrtc>~~es  ab[lve.  tl~c (lctccti(lll tllrcsll(~l~l,  istlsll:illy inthe. range Ofl t06. 1’0
provide higher  pcrfmmance. (i.e. a wider spanned bandwidth with nlOrc prover in the Outc.r
tOncs),  while still providing a spanned bandwidlh  mrmw CJlOLIgh fm integer cycle
atlll>ip,llity  rcs(>lLlti~ln,l  llclrcl~O}{  tc}lles:lrellec(lc(l. Sit3ewavesa  rcIl~lrlllallyl  lse.Ci innlulti-
tme syslcms  bawd On e. fficimcy c{lllsi[lcr:lti(Jtls.

l~cm example, AIIOR nmsurme.nts  wc.rc. made f~lr the VCJyagcI spacccral’t using high mdcr
]l:lrtll[}Ilics  tlftlle 36[lk]]z  te]cllletrys(]  Ll:lrc\v:lvcsLl  l)c:lrl"icrsig  ll:ll. M(~~c:lccllr:ltcA1~Oll
nlcasurc.mcnts  have. bcc.n  made Of the h4ars Obsc.rvc.r  space.craft using twO sine wave
signals (3.825 MJIY,  :iJd 19.125 Mllz) nmlulatcd  (>nt(l the dmvnlink  carrier.

‘]’]lC Jll[Nt 11 S11:1] ])0]{  tOJK lll(M]ll]:ltiOIl !’OI”Jll:ltS  ~lC pI’CSC.lltd  IICXt.

3 . 1  l)OR Tones GcInerald  froln Nlodulalion  I)y ‘1’wo Sincwavcs

‘1’he. pmvcrs allOcatcd  tO the caIricr and the. tOncs arc eas i ly  dcduccd frOnl the atmvc
cxpmsim:

1’, = l’l.~o?(lll~)lop(l)ll),
1’1=}’2J12(t}i1  ]Jo2(/]?2), and
1’2 = P7J02(m1 jl,2(In>) . (7)

‘1’he. cmespmding  nlOdulatiOn Imscs arc expressed as the. fIactiOns  bclmv:
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and

(8)

‘1’hc almve  tw(}-sincwave  signtiling  scheme is used t>n Mars Observer. l:m Mars Observer
the rmminal  values Of the I1OR mOdul:ltiOn  indices  arc M,=(I.64 rad :IJK1 n/z=0.32  rad i’Or
the ~j=l  9.125 MIIz  and fz=3,825 M}lz, 1101{ t(>ncs,  respc.ctively.  Such values yield
nlOdulatiOn  lmses PC/PIU-l,14 d]], Pj/l’J=- 10.57 dll, and l’z/PIU-l 6.94 d}].

In this case, Onc squ:]rcwavc,  signal with unit amplitude and l’lcqucncy  tO1 is phase
nlululatc.d  m the dc~wnlink  carrier t{) g,cmnxtc.  a d~~wnlink  signal with multiple tmc.s:

,$(/) = {2T’7 C(X( 0,1 -i mlsqwv(mlf)  ). (9)

“1’hc cminc d the sum m:iy bc expanded tO give:

“J’he scmnd  term On the ri@t hand side is a earlier signal  multiplied hy a square wavr with
anlplitmle  sin(m,).  ‘1’his square  wave has a l;mlricr  c.2ip:lnsi0n

and ltq. (1 O) Imy 1X lcwritlcn  as

S(/) = {2}’7 COSOHIS(]WV((L+  f)) Cos((ocl ) -

(11)

(12)

‘1’hc sccOml  term On the right hand side pmduce.s tOncs  :]t mld multiples Of the subcarricr
frequency spaced atmut the carric.r. ‘1’hc nlOdulatiOn  10ss l’Ormula 10r the squarcwavc
harnmnicx  is easily calculated l’mnl the. cmft’icicnts  Of the alwvc cxprcssim:

}; 4 1____ = _..j. _ ..- —-- sin2(/111
1; ) at WC +. (2k – I)(o, fm k = 1,2,3,...

n (M -- 1)2
(13)

Ckmsidcring  th:it  the, cmine  is an c.vcn i’unctiOn,  the first term On the. right hand side Of ILq.
(10) wmlld appear tO pmducc. a pure carrier signal with 1),/1’,=- c0s2(lnJ).  110wever, since.
the square wave must bc. band limited, the. functit~n  ct)s(t~~ls(lwv([ti,t))  is actually a spike
train with pcrid  2m/(2wl) and amplitude (1 - cmm]). ‘1’his spike train prduce.s cvc.n
harnmnics (>f the square.  wave frequency almut the carrier signs I [1 Iildcbrand  :ind Yunck
1982], F(>r high rate subcarric.rs,  say almvc 360 k] lz., the.sc. tc~ncs  may he dctcctablc and
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usable  as 1>01< tmcs.  ‘J’hc pOwcr  in the mwn harmOnics  is pmpO]-tiOnal  10 (1 - Cmmj)?,  but
the actu:i]  POwcr depends On the shape. Of the, subcarricr signal. ‘1’hc. tdti 1 pOwcr in the even
harmmic.s,  excluding the carrier signal itself, is usually quite,  Slllil!l$

When tclcmdry  nlOdukltiOn is impmcd  OJ1 the subcari-icr, the Odd harn)Onics arc spread aJd
arc nOt usab]c fm 1)01{ ]]lc:is~]r~:ll)cllts.  ‘1’Iw ewe.n harnlOnics gcncratcci fmm the spilw train,
OJI t]]c Otllcr hand,  remain as pure. tOncs. IIigh Ordcrcve.n  llarnlOnics  Ofthc  hi@ rate
tclcmdry  subcarrier,  at a kwcl Of almu( -30 d]] re.lativc tO tlm total signal power, were used
as ]IOR tones for the Voyager aJld Magcllan  space.c.raft. While. such IJlc:lsllrctllcllts[lf
OppOrlunity  may bc useful, it is difficult tO plan fOr this case since. the spectrum dc.pcnds On
the. precise shape Of tlm subcarlicr  signal,

1;-...=_ 3.92(111 and
3;

(14)

Signal dc. tc.c.lim]  rc(]llite.lllc.l]ts  arc, st:ltc.d  in tc. rms 01’ the vOltagc.  sigtl:ll-tc~-ll(lisc.  rati  O fOr an
1 -see avmgc. l~m a sinusoidal spacecraft si.gnnl, the rcquilcmc.n! may bc cx]mssui  in
terllls[ lftorle~lo  wcrt(>ll{~isc.”  ]mwmspcctral  density. l;m a brmdtxlnd quasar sif’,nal,  the
requirement may bc cxprc.sscd in tt>.rms Of sOurcc  flux, antenna gain, :lntcnn:i  noise
tetnpcraturc.,  and re.c.(lrclccll >:~tl~lwicltll. ‘1’hc rcx]uircments  given  here tire mt thcx)rctic:]l
limits, but rather practical tl~rcsl~Olds  based  On typical system cOhere.nce times’ and
OpcmtiOnal  data pr(}ccssitlglllctll{>~ls.

The rcquircmcnts  arc.:

SNR;;’  >5.0 fOr a spacccrai’1  tc)nc> aJK~ (A)

where SNR~,l  is the v(>ltagc.  si~:ll:ll-ttl-llLlisc.  ratio fOr aJ) l-see average.. ‘1’hcdiffercncc  i]]
dctcctimcritcria  is(lllc  t(~tl)c. c. ffc.cti;’e  c(~llcrc.l~cc  til~~c. Quasars ignal dctcctim  islmd(w
an avmging  time Of abOut 60 SC.C,  since gmmc.tric  CIclay mmlcls fm quasar signals arc
quite WCII knmvn apric~ri. But spacccral’t  signal dctcctiOn  must usually tmtmcd  m an
avcr:lgil~g  tit~le~~f(~r~ler  1 scc, sine. ctt~nc phase n~ulclsarctmt  well ktmwn ap}imi,  l!’the
spacecraft transmits c:lrricrsigtl:il~vl~icl~  satisl’ics  ctitcrim] (A), and ifdill’c.rcntial  range

* ‘t’hC SYS1l’lH cohcrenrc lime lllily  IW dl’fillCd  ilS llIC Iill]c  for [k’  4C’lllill  sip,ml  PII:ISC 10 \V:llldCr by 0.1 CYCIC
from lhc nmlcl  signal  phase.



SNR~:’  >1.3 fOr a spacecraft tmc which is a (c)
cdcrcnt  mu Itiplc Of a spacccl-atl
calric.r  sigml which salisfics critcri[~n (A).

where the. factOr 2/n is duc tO 1-bit sampling Of the sign:l]. ‘1’he factm 2/n is rc.placd  by
unity fm a systcm  which suppmts mu]ti-level samplil~g. Using 1;(1. (1 5), criteria (A) and
(~) may bc rewritten as

l;..,— . 213(11 )”}IZ fOr a spacm a 1’1 tOnc,
NO

(A’)

I;bne- ——. —.. >1 dll*llz fOr a sp:lcc.cra  l’t tmc which is a
NO

(c’)
cdlcrcnt multiple of a spdcccrai’t
carrier signal which s:llisfics
critcricln (A’),

Rbr a brmclb:ind  quasar sijyal,  the 1 -SCC  vo]tage  SNR is rclatd  to systcm  paramc.tcrs by
[’1’llm:)s  1 981]

(16)

where K,, is the system ]0ss !’:ldOr ((),8 tO ~ .(1), the f’:lCtOI’ 2/7L k due. to ~-bit sampling, ~~j,
7~i are the cm’rchited  sm]rcc temperature, and systcm rmise tcmpcraturc at antenna i, dld  Nh
is the rlumbe.r d data samp]cs in 1 se.cmd. ‘1’he cmclatd smlrce tcmpcmturc  fOr antenna i
is given appx>ximatcly by

Iii = ().0()()3() tj .71 1’? S, (17)

where ~i, Ii arc the efficiency :ind radius  (Ill) fc~r  :l~]tcllr]:)  i :lI~d SC is thC c(~rrc.latd s[~~lrcc.
iltlx (Jansky  m’ Jy). IJc>r the I)SN N~Il  V1.111 System  operating at X-baId,  K, = ().8, c =
().6() i’Or a 70-m diameter ante.nna at 10° clcvatiOn, E = 0.68 fOr a 34-1]) diamc.tel  tintmna at
10° cle.vatim, 7;.= 30 K, and N~ = 5(M)(W). Using  these mmina  I V:IIUCS  in F’,qs (16) and
(1 7), the ddcctim critcriOn (13) is restated in terms 01 m inimum required  cmclatcd  smlrce
tlux fm IXN antenna pairs in ‘1’able 1.



‘1’able 1. Minimum cwklatd  smlrcc ilux i’m signal dete.cti[~n  at X-b:Ind using the
NC13 VI .131 Systm.

I)SN Anlcn  n:] l’:~ir

1

M i n i m u m  Correlated  l~lux -
7(hl-7on) 0.16  Jy
70111-341]) 0.30 Jy
3411)-3411) 0.60  Jy

The prccisim Of a spacecraft 1101{ nmsurcmcnt,  given by Ilq. (19) belOw, dcpcn(ls  On the
rc.ceivd  tmc pOwe.r  tO nOisc pOwcr rat iO and On the. spanned bandwidth Of the 1)01{ tOncs,
But the, accuracy c}f a ADOR nlcasuremcnt, given by the sum (>f 1{(]s. (19) thr~}ugh (28)
bck>w, akm dc}>cnds Cm the pre.cisim c~f the, quasar  delay mc.asurcmcnt,  on ktmwlcdge  of
the quasar pmitim,  M c]mk stability, (>n instrumental phase rcspmse,  and m uncertaintim
in earth plntfmm  mdcls and transmission media dc. ]ays. An e.rlc~r  budget l’m a ADOR
nleasurcmcnt dcpcn~is  On Obsc.rvatiOn  gc.c~mctry  and all Of these factms. SpccificatiOns fOr
1101<  tmc pc~wcr level  and  spannul b:lndwidth  arc. Imcd on t(~t:ll AI)OR n]e.asurc.mcnt
ficcuracy, r:ltllcr  tll:lr~c~llly  t}[lsi}:lcccl:lft  1)01< lllc.;lslllc.lllcllt precision. Simplified formul:lc
are. given hcr’e. ! ’ o r  e v a l u a t i n g  A1)O1{  ]~lc.:]sl]lc.]~lcl]t  accuracy t~~ pmvidc. a imsis f’t>r
dcvck~pi ng transpOn&r spc.cific:lt iOns,

Nmnal]y,  a ADOR pass cm~sists  of three “scans” Of&]ta rcc~lr~lillgcacll{lfa  few minutes
duratim.  l’lle[>hscrvir~  gsccl~lcl~ce  issl>:lce.cr:ift-(lt)  :ls:lr-s~>ace.cra  ft. AADOR  dmrvab]c  is
gcneratd  frOnl the linear cOnlbinatiOn  Of the three mcmurcments  which eliminates linear
tcmpmal  errors. ‘Nw dw.rve.(i q u:] nt it y in a Al lO]{ dwrvnt im is time (ic.ki  y.

s.1 SD: ICCCIXII’1 SNR

1E*, =, -.. -–...,:__ . . . . - Cycles.
2n@NR;;<”

(18)

(19)



5.2 Ollas:tr SNR

The qwisar dcl:iy  mc:isurcmnt  mm is given by [’1’hems 1981 ]

(20)

rad, the delay crmr is

where 21P is the prOjcctd  baseline length.

5.4 Clock lnstnhility

lmtability  in the. statiOn frcque]lcy  standard Or te.mp Oral instabilities in
cOmp Orients cause a delay c.rmr which depends On the. time sep:lratiOn
spacccrtiil  find quasar d>servat  iOns. ‘1’he dcla y c1-t Or is given by

ET ~ J27;,C.C,,,RCA,,,  scc

‘J”hc. spanned bandwidth f’m the quasar  mcasurment  must be sclcctd  tO be the same as l’m
the spacecraft tmms tO ensure catlcellatim  Of the cll’eels Of dispe.rsivc  imtrumcntal  ph:m
shills.

(2I )

instrumental
bctwee.n  the

(22)

A quasar signal is affcdcd  by tlw stati[~n  imtrumcnta]  }>hase. rcs}mnsc across the bandpass,
wlwreas  a sp:lcccrall  tOtm is affcctd  by the imtrumcntal phase shiti at the tOne frequency.
A dcviatim  ~>f the phase rcspmsc  fmm a stmmth phase versus frcqwmcy tramfcr  fut~ctim~
is rcfcrrc.d  tO :IS phase,  ripple. lnstrunwntnl  phase ripple Of Et dcg causes  a dckiy error Of

E, = -J?J2 . ..?...-?.? $+~,(.
J,,,r 360 ‘

(23)



asstlt]lillg tlle}>ll:lsc  ri13}Jlc  is imlc.pc.ndcnt  illc:lcl)cll:llll]cl  :il]~l:lt  c:icl]st:]ticll~,  :]il~l assuming
that the. phase tipple  averages tO zcrO l’w t hc quasa I nlmsurcnmnt.

S.6 Station l,ocation

Uncertainly ill static~ll  c{>~~r~lill:ltcs  c:l~lse.s:l~le.l:lycri(lr  wllichdc.pe.nds  {llltllcs}):lcc.cr:ll’t-
quas:lr  angular scparatim]. Assure ing a sphcrica 1 unc.crt:linl y c.,,. in bascl  inc pmitim
cOnlpOnmLs, the delay crmr is

~.vmCT = At I---– SK (24)
c

whe.rc AO is the sp:icccraft-(lll:ls:lr angular scparati(>n  (rad).

5.7 lCfirth Oricntntion

Uncertainty in the OricntatiOn  Of the I tartll  in incr{ial space causes a dc.la y e.rrm Of the same
fmn as statiOn kwntim uncc.rtainty. ‘1’hc.  delay crmr is

(25)

whe.rc
qllasar

p, 1 1
E, = --- . . . . . . - - S(!C. (26)

c sin y.%,<. sin you{

p, is the zenith uncertainly, y,${c is the spacecraft clcvatim  angle.,  an~l  yf,.~ is tllc
elewatim anglco ‘I’llcreis:l  te.rlll{l  ftllisf{lrill  l(lrc.:lcllst[itiO1l.

5 . 9  lonosl)helx!”

“1’hc iOnOsphcric  cmr (Iepends  On sicnal fwquency  and path delay uncertainty after
calibrati(}n. Arc~llgl~cl~ll>iric:il  ft~rnlula, based (~n c{~l~~l>:l  lis(~[ls  ~> fi(>l~c~s~>l]e.licc:ll  it~]atif~1~s
derived frOnl Faraday rOtati On mc.asurcmcnts with dual l’rcqucncy  quasar VI.])]
nmasurcme.nts  [I;(iwards  1991],  isgivcnby

~ _(l.46+ 16.9 AO)x1[1.9\e,c,
T

~:,:
(27)



,,

where AO is the sl~:~ceciilft-cll]:ls:ir  angular scp:]ration  (rad) and ~,i,, is the signal  raciio
f’rcqucncy (GI 17,).

(28)

where SEP is the sun-radio soum angular scp:lration,  BP is the pmjccted hascl inc. length
(km) at the point of signal  closest apprmch  to the sun, V$ll, (kn~/see) is the solar wind
velocity, and J<,,. is the signal  frequency (G] lx), ‘1’here is a term of this form for both the
spacccra!l  tind the. quasar,

5.11 Jt(mt-Sum-S(lW

“J’he prcdictcd AIX)R mcasurcmcnt accuracy is eomputcd as the RSS of the above tc.n
terms. llquation  (2) may be used to relate dcl:iy mcasurcnw.nt  accuracy to anguhr  position
accuracy.

$. Mnrs  Ol)st)rvcr  ADOR Error Bu(lpe(

“J’he. t’ormulac.  of Section 5 show how AI 101< l~~c:ls~ltc.l~~e.~~t  accuracy dcpe.nds m spacccra tl
transponder parameters, on observation gcomctt-y  and smn Icngth, on instrumental
stability, and on the acc.~lracy  of e.xtcrna] calibrations. Nominal values for these
pal”ame.tcrs,  :)pplic:iblc  fol- l]lc. cruise ptlase of’the Mars ObSC.rVCl  mission ;IJld for data
acquisition usi Jlg the I)SN N(;ll VI.]]] Systc.  m, arc g,ivcn  in “1’al>lc 2. l~igurc 1 shows the
errorhdgd  wllicll c{~rlcs~>(>l~~lst  (>tl~c.sc  }>:ll:llllc.tc.[-v:llllcs.
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l’erhaps  the single  mmt im}mrlant paramtcr in the crmr hudgct  is the spanned  bandwidth
Ofthc  spacecrall  1)01{ tOncs. ll~~~ll~lillg  tllisl):lll~i~vi(ltll,  ~vl]ile.ll~>l~iillg~~tllcr  paramclcrs
fixed,  will ll:ilvctllc.e.rl~>rs  duc tc~spacccrai’t SNR, quasar SN1/, and instrumental phase
ripple. Once ante.nnas and data acquisition terminals are, implemented, littlccOntrOl  is
av:lil:il>lc  (>vertllc.  (>tl~cr ~xir:lt~letcrsw llicl~:  lfl`cct( lll:isarSNl{:lll(l  instrumental phascripp]c.
l;or example, the quasar  scan length must k increased by a factor of l’Our tO halve,  the cmr
(ltle.t~~cl~l:ls:lrSNl{  ift~tl~e.r  l>:lr:lt~le.tcrs:l  tcl~c.1~1 fixc.(i.



Ik]ay ambiguities in obsc.rvab]cs  gcncrakxi  from wider spanntxi  ixlmiwi(iths  arc rmoivtxi
sucmssivciy  by using ciclay  c.stimatcs frOm the narmwcr spanmxi ban(iwi(iths.

(29)

where 01] is an upper bOLInd  On the 1-0 dispe.rsivc  crmr (cycles) in the ch:inncl-
Ciil’I’crcllcc(l,  st:iti(J1l-(i  if’i’crcl]cc.(i  pimc mc.asurcment  mexi tc>gelle.r:itc(ici:iy:it  thcspanmxi
bandwi(ith  j,lv,. l)ispcrsivcc.rmrs,  causdbysystcm  thermal nOisc, instrumental phase
ripple.,ami i]ltercllallllcl{  lscili:lt(lrl >ll:lsc (irift, :lrt:c{lllscrv:itivelyl >(lllllcicLi  byo.03cyclc,”
it] Liic:ititlg  til:lts~3:11111cLi  {J:lrlLiwi(itil  lll:lyrcli:llJly increase.bya factOrOf  5.5.

])ispcrsive pi]asc measurement crmrs may bc cOnsiCicrably  less than 0.03 cycle fOr a highly
lil~e.:ir  grt~llt~(i  re.ccivcrsystcl~~ [~}>(:r:ltil]g  witl~strt~l~g  sig[~:ll  le.vcls. I~t~rtl~isc:lse.~lseItcl.
(29) tO (ictcrmine  tim grc.atcst  allmvab]c  jllmp in spanncci  ixln~iwiciti~.

8 Prol)osd”  Spw’u’l”afl 1)01{ ‘1’011(” spectra-

“I’llclll:itcri:ll(  lcvel[JIXCiir  lSecticJI]s  1 tlll(>llgl]8  lll:lyt JcllscCit  IJCicrivcs  l>ccific:lti(Jl]sf  (>rti]e
numlmr Of spacecraft 1)01< tOncs,  tOnc imwcrs, an(i tOnc i’rcqucncics,  given nlissiOli
navigatim  accuracy re. quircmcnts. Gui~iciinc.s l’OrllOR tOncspcctra  :Ircprcscntcxi  here.
bastxi  On t ypica i accuracy an~i  ambiguity rcsOl ut i On nuxis,  On frcq ucncy a i 10ca t iOn i’Or (imp
space tracking, m the efficient usc ~~fspacccraft  signal pmvcr, ami {~n ti]c. c. fficicnt  usc ~~f
gr(>un(i tracking resmlrces. ‘1’hc case 01’a single spacccrail  in interplanetary cruise is
c{~nsi~icrcd  first. Next, the.spcci:ll case t~!’ciiffcrcntia]  VI .131 t~~c:lsllrc.l~lcl~ts  macic bctwccn
t wO space.cra l’t is cmsi(icrtxi,



.

‘1’he final ADOR measurement is de.rivd  using the widest  spanned bandwidth pmvjdd  by
the I) OJ{tmes.  Mc:lstlrel~lcl~  t:iccllr:lcy,  :is:i fl)~~cti~~l~  (~ fsl>:lt~~lc{i  t>:lrl(iwicitt~,  ispi(~ttc(i in
I;ig. 2. “I’llcscl>ar:iteer  r(}rs~i  Llct{~sp:lcccr:lft SN1{, (iuasarSNl<,  an~i instrume.ntai  pilasc
ripple are simwn;  tile 1{SS 01’aii  Otimr mcasurcmcnt  systcm crmrs  is si]Own wilil iatwi
“dimrerrmstt;  tile. tOtal 1<SS crmr issimwn. "l`ilis  t:rrLJr c(Jllli311t:lt  ic>tl:lsslltllest  il:lt (iata are
acquircxi  at X-band usinga  I)SN 70n1-34n1 antenna  ixlirwiti] tim NC31 VI.111 Systcm, tim
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navigation performance req u ircmc.nts. ‘1’IN relevant issues arc introduced kc, hut ddailcd
dc.signcritcria  arcnot given.

8 . 2 A  Sl}:icclcl.i~ft-’J’:\  l.gc’t AVI.l\l.  Stdics havcshown  that the use ofspacc.craft-
spacccraft  AVI .131 forplanetary  a}qxmch  n:lvi~ation  can rtxiucc  targcti  J~gcrrors  by a factor
of two to thrtm relative to solutions based on ])opplc.r,  raJlge.,  and s]>:lcecr:lft-(ltl:ls:)r  AI)OR
[lklwards et al, 1991]. ‘J’he AI)()]<  tdmiquc  employs observations of two radio sources at
the same frequency in order to eliminate the effects of dispersive phase shifts in the station
receiver chain. To make AVI .111 n]casuremcnts bctwe.cn two spacecraft, either the. two
sp:]ce.cral’t  must emit 1>01{  tones at or near the same. frequencies, or external ctilitmtions
must tx used to rc(iuce, the effects of dispclsive instrumental phase. shills. 1 lcrc, “mar the
same frcqmncy’1  metins that both signals must fal I within the s:ime baseband re.ce. iver
channc], anti th:]t each splcccral’t must provide the s:t Jne spanned bandwidth. lnstrumntnl
cft’c.cts  arc analyzed in [Ilmdcr C( al. 1992],

‘1’hc IJSN NC;lI VI .111 Systc.m  l]:Is 250 k] Iz baseband ch:lnnc.]s. lklch channel is
downconvcrtd  from l<l; using an analog mixing sign:ll. An arhitrar-y ph:Isc shift is
introduced in each channel by this process. lior sl>:lcc.cr:lft-s~>:lcccr:lft  AVI .131, where the
two spacecraft do not emit compatible. signals, the rec.cive.r  systcm must be. calibrated either
by observin~ a quasar  or by injcc.ting a comt> of’ calibration tones locally  at c.ach station.
‘1 ‘hcsc ca 1 ilmt ion t echn iqucs arc opm  t ions II y cunlt>cl-some  a n~i cic.gra(ic t hc ciat:i accuracy.

“1’hc sp:icecr:lft  signal  compat  ii>il  ity rcquircmcnts coul(i bc. rclaxe.ci  if the station rcccivcr
systcm (iigitizcci the entire. passixln(i  before ciownconvcrling,  sclc.ctc~i  pol-tions of the,
spectrum to txlsdmn(i. IJ1 an all-~iigital  system, the two si>ac.c.cral’t  nccci not transmit at the
same t’rc.qucncics , spaccc.raft tone. phases cOui(i  tw cxtracttxi  localiy  in rcaltirne, aJI(i

sl>acccr:ift-s~>:icccl:ift  AVI .111 obscrvab]cs mu iLi bc gcncrattxi  inlrntxiiatci  y following
acquisition.

8.211 Orl~itcr-Orl]itcr S111. l~or t w o  planct:lr-y  orbitc.rs,  S111 tiata am gcncr:ltcci
from carrier phase lll(::ls~ll-cl]lcllts  acquirwi  silllllit:lf]c(>l)sly  at two stations from the two
spacccral’t. ‘J’hc S1)1 (i:lta  sc.nse the relative. motion of the spacecraft in the plane.  of the sky.
Stu(iics have shown that S111 ~iata,  whcJ] combincti with Dopp]cr  (iata, can improve orbitai
accuracy by an orcic.r of nvlg,  nitudc  relative to solutions gcncratcd  from only l)opplcr  (iata
[l’(~lkr~cr a]~(ill(>r~icr  1992],  N()])o]{ t()I)CS:lJCJ  )CCLICLlt [)CIl:lt)lC.t ]liSl)lC:lSllrClllC.Ilt; C:iCl)

s~xlce.crai’t  mmt transmit a carricrsig,na]. I)at:l  arcs of] tc>21~r:lreI~cc(ic(i.  Acarricrphasc.
tJi:lslllLlst  t}ccstilll:ltL:  Lif(>lc:lci]:  lrc;:lrlliJig,Lli  tylt:s(Jlllti(l1l  isn~)t rcquircci. ‘1’llc.s~>:lcecl:lft
sign:llsshoul~i  be. in tt]csalnc  l<l; txlmi, but ti]c.rc arc no l’llrtllcr  ct~llll>:ltit>i  iity rcquir-cmcnts
for this application.

It follows from thean:]lysis  in Section 7ti):it  c:irlicrc)f  clc:llllt)igllitJ  ~rcs(}lllti()llrc(  lL]ircs
cithcrscvcral  1)01{ tone sat intcrmuiiatc  i’lc(jl)c]]cic.s,ol:l  groun~i rc.ce. ivcrsystcm with high
phase-linc;irity. Also, as for sj):lcccr:ift-s]):lcccr:]ft  AVI.111, the signals fron) the two
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I;O,IC
Signal  detection rc(]uirc.s a threshold of — >13 d13  ● 1 Iz for a spacecraft tone alone  as

P N
con~pard to a tl]reshold  of -!*”X >1  dIl  ● l!z, for a spacecraft tom which is a coherent

No
subnlultip]e  Of a spacecraft carmr signal ,

“1’he ADOR nleasurtmcnt  error is typically dominated by uncertainties duc to quasar SNR,
quasar pOsitiOn,  instrun~e. nta] phase ripple , and troposphere. lhubling  the spanmxl
txindwi(ith  Of the spacccrall  1~01{ tOncs, while lmlding  Other parameters fixed, will halve
tl]cert(~rs  dllet(~s}>:lccc:r:lfl  SNl{, (l L):\s:lr SNl<, :l1l(l instrumc.ntat phascripp]c.

At S-band, me tmc provides  for aml~iguity  resolution and provides the widest bandwidth
that fits within the allocation. At X-band, two tones  are gcneratly needed  to provide  fm
both ambiguity rcsdution  and fm high accuracy. At Ka-bami, a wider spanned bandwidth
is necessary to control the size. of the error duc to quasar SNR. ‘1’hm t Oncs are needed  at
Ka-band to provide fm ambiguity resolution and to produce a sufficiently wide spannd
bandwidth.

‘1’he I-cse.arch  descrilmd  in this paper was pcrl’ormcd  at the Jet Propulsion 1,aboratory,
California lnstitllte  of ‘1’ethnology, under contract with the. National Aeronautics and Space
Aclt~lil~istratit~l~.
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